standard health and safety regulations regarding the use of magnetic resonance imaging (MRI). All participants were righthanded, according to the Edinburgh Handedness Inventory, 22 and were native French speakers. This study was approved by the local ethics committee and all participants gave their written informed consent after receiving a complete description of the study.
Experimental design
During the fMRI session, 25 cue words and 25 control words were presented in a pseudorandomised order such that words of each type (cue v. control) followed each other equally often. The cue words (for example chat (cat), école (school), voiture (car)) were French nouns selected from previous studies on the basis of their frequency in the spoken language and their ability to elicit vivid mental images. 23, 24 They were displayed for 12 s and followed by a fixation cross for 4 s. This fairly long duration was chosen to allow patients and controls sufficient time to recall a specific event (i.e. a personal event that had occurred only once, at a particular time and place, and lasted less than a day 25 ). The control words were either 'index' or 'middle' . They were displayed for 6 s and followed by a fixation cross for 4 s. This shorter time was chosen to prevent mind-wandering. All the stimuli were shown on an MRI-compatible monitor (white text, black background) viewed by participants via a mirror mounted on the head coil. We used E-Prime software for Windows (Psychology Software Tools, Sharpsburg, Pennsylvania, USA, www.pstnet.com/) to present the stimuli and collect reaction times. Responses were made on an MRI-compatible response pad. For autobiographical memory retrieval, the participants had to press the button under their right middle finger as soon as a memory was fully formed in their mind. For the control words, they had to press the button under the appropriate finger (i.e. index v. middle).
Immediately after leaving the scanner, participants had to describe each of their memories with as much detail as possible regarding the content of the event (what), where it took place (where) and any temporal information about it (when). They then had to indicate their age at the time of the event (i.e. encoding age) and the emotional valence of the memory on a 10 cm visual scale (ranging from 'most unpleasant' to 'most pleasant'). In addition, they had to indicate their subjective state of consciousness during autobiographical memory retrieval for each aspect of the memory (i.e. what, where and when). 26 The participants gave either a 'Remember' response if they recollected phenomenological aspects such as perceptions, thoughts or feelings that were experienced at the time of the event, a 'Know' response if retrieval was achieved without any such recollection or a 'Guess' response if retrieval was doubtful. 6, 26, 27 A recollection score ranging from zero to three was calculated for each memory, based on the total number of 'Remember' responses for the three different aspects (i.e. what, where and when). No memory and thus no conscious recollection was rated zero. Finally, the participants were fully debriefed.
To ensure that the participants were able to perform the autobiographical memory retrieval task properly, including the remember/know paradigm, we ran a training session in a quiet room 1 week before the fMRI session and after a full explanation of the task. This training session featured a list of seven cue words that were not used in the subsequent fMRI session. The participants had to recall a specific event for each cue word and
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Memory specificity assessment
The specificity of each memory (transcribed verbatim) was assessed by two independent raters (C.C.L. and Sarah Barrière) on a four-point scale: 25 4 for a highly specific event located in time and place, described with numerous details; 3 for a specific event located in time and place, but not detailed; 2 for a repeated event; 1 for a vague event; 0 for no memory or only general information about a theme. One of the raters (Sarah Barrière) was masked to the diagnosis. Cohen's kappa coefficient indicated substantial interrater agreement (k = 0.94, P50.001). Every conflicting rating was re-examined until a consensus was reached. For each patient, a mean specificity score was computed. Together with the recollection score, this specificity score was used to index individual autobiographical memory retrieval performances.
MRI data acquisition
Imaging was conducted with a 3T whole-body MRI scanner with an eight-channel head coil. Head motions were minimised with a forehead strap and comfortable padding around the participant's head. For each participant, a T 1 -weighted anatomical image, oriented parallel to the anterior commissure-posterior commissure axis was first acquired with a fast-field echo (FFE) sequence ( 
MRI image pre-processing
The fMRI data were analysed with Statistical Parametric Mapping (SPM8; Wellcome Department of Cognitive Neurology, Institute of Neurology, London, UK, www.fil.ion.ucl.ac.uk/spm/) on Windows. MRIcro software for Windows (www.mccauslandcenter.sc.edu/ mricro/mricro) was used for image conversion. Five initial brain volumes were discarded from the analyses to eliminate the non-equilibrium effects of magnetisation. Functional EPI-BOLD images were spatially realigned to the first volume. There were no patient or control images with excessive head movements (42 mm or 428). Interpolation was used to minimise timing errors between slices. These images were then anatomically normalised to the Montreal Neurological Institute (MNI) template and smoothed with an isotropic Gaussian kernel of 8 mm full-width at half maximum. A high-pass filter was implemented, using a cut-off period of 128 s, to remove lowfrequency drift from the time series.
fMRI statistical analysis
Individual analyses were performed with a fixed-effect model, whereas group analyses were performed with a random-effect model. For each participant, we computed an individual statistical parametric map based on the general linear model and an eventrelated approach. 28 Since our main hypothesis was predicated on previous fMRI studies of episodic retrieval, in which search processes may prevail over other processes such as mental imagery, our primary aim was to investigate the search component of autobiographical memory retrieval. We thus computed a convolution of each stimulus onset with the canonical haemodynamic response function to create regressors of interest. Motion parameters (three translations and three rotations) determined from the initial realignment procedure were included as regressors of non-interest. Statistical parametric maps of t-statistics were calculated to identify voxels with event-related signal changes. The resulting t-statistics were transformed to z-score maps of normal unit distribution. As regards the main effect of the task (i.e. autobiographical memory retrieval v. control), we used a family-wise error (FWE) corrected threshold of P50.05. To look for between-group differences in the brain regions actually involved in autobiographical memory retrieval, we first defined an inclusive mask including all regions activated during retrieval in either patients or controls, separately, with a statistical threshold of P50.05, FWE-corrected. 29 We then looked for between-group differences within these regions, combining an extent threshold of 10 voxels, with a statistical threshold of P50.001, uncorrected.
Results

Behavioural results
The groups did not differ on the quantity of memories, their specificity or the recollection scores. Nor did they differ on remoteness, encoding age or emotional valence (Table 2) . Discrepancies between behavioural responses during fMRI and the post-scanning assessment revealed that 8 participants (5 patients, 3 controls) forgot at least once to press the button after recalling a personal event, whereas 14 participants (6 patients, 8 controls) pressed it at least once even though they had not recalled a personal event. Behavioural responses and reaction times were thus discarded from subsequent analyses.
fMRI results
A priori analyses
Regardless of group, autobiographical memory retrieval activated an extensive brain network including the cortical midline structures, left lateral prefrontal cortex, left angular gyrus, medial and lateral temporal lobes, occipital lobes and cerebellum (Table 3 and Fig. 1 ). To identify the regions activated in both patients and controls, we performed a conjunction analysis with a conjunction null hypothesis (i.e. an 'AND' conjunction 29 ), which yielded a smaller number of activation clusters (Table 4) .
Since we were primarily interested in examining between-group differences in the regions actually involved in autobiographical memory retrieval, we then performed a conjunction analysis with a global null hypothesis (i.e. an 'OR' conjunction) to identify regions that were activated during retrieval in either patients or controls. 29 This map was used as an inclusive mask to look for between-group differences. Although none of these regions was more activated in patients than controls (P40.001, uncorrected), several of them were less activated in patients than controls, including some cortical midline structures (i.e. the anterior cingulate cortex and the precuneus), the left lateral prefrontal cortex, left medial temporal lobe, occipital lobe, cerebellum and a midbrain region extending to the lateral ventral tegmental area (Table 5 and Fig. 2 ). Adjusting for autobiographical memory retrieval performances yielded similar results except for the left medial temporal lobe, whose activation was no longer significant when adjusting for either specificity or recollection, and the precuneus, whose activation was no longer significant when adjusting for specificity (see online Tables DS1 and DS2) .
We then looked for between-group differences at a wholebrain level, using a more stringent statistical threshold to avoid type I errors due to multiple comparisons. This analysis revealed (Fig. 3(a) ).
Post hoc analyses
Although the lateral ventral tegmental area and the cerebellum clusters were among the between-group differences that had previously been found within the global null conjunction mask, the caudate nuclei clusters were not. To examine how these two clusters were functionally related to autobiographical memory 476 retrieval, we looked for correlations between their mean beta values and retrieval performances (i.e. specificity and recollection). The activation of the left caudate nucleus tended to be positively correlated with retrieval performances in patients (specificity: r = 0.705, P = 0.007; recollection: r = 0.589, P = 0.034), but negatively with performances in controls (specificity: r = 70.508, P = 0.063; recollection: r = 70.367, P = 0.196), thus yielding significant group6specificity (z = 3.289, P50.001) and group6recollection (z = 2.273, P = 0.023) interactions (Fig. 3(b) ). A similar pattern was observed in the right caudate nucleus, although neither the group6specificity (z = 1.694, P = 0.090) nor the group6recollection (z = 1.242, P = 0.214) interaction reached significance. There was no significant correlation between retrieval performances and the activation of the other regions characterised by between-group differences during retrieval. Finally, to rule out the potential role of antipsychotic drugs and look for clinical correlations, we performed regression analyses among the patients only, using the between-group differences as an inclusive mask. There was no significant correlation with either the PANSS subscales or the chlorpromazine equivalent dose at a threshold of P50.001, uncorrected. Using a very lenient statistical threshold to avoid type II errors, we found a negative correlation between the chlorpromazine equivalent dose and the activation of the left medial temporal lobe (72 mm 3 , MNI coordinates: 722, 720, 722; z (11) = 2.13, P50.05, uncorrected).
Discussion
Main results
This study investigated whether the neural basis of autobiographical memory retrieval differs between patients with schizophrenia and healthy controls. As expected, because patients were selected according to their ability to perform the autobiographical 477 memory retrieval task, the retrieval performances measured after the scan were similar in both groups. However, we were not able to measure retrieval performances during the scan. Consistent with previous studies with healthy individuals, 13, 14 patients and controls activated a similar brain network during retrieval, including the cortical midline structures, left lateral prefrontal cortex, left angular gyrus, medial temporal lobes, occipital lobe and cerebellum. Compared with controls, patients with schizophrenia displayed reduced activation in several of these regions, including two cortical midline structures (i.e. the anterior cingulate cortex and precuneus), the left lateral prefrontal cortex, left medial temporal lobe, occipital lobe, right cerebellum and left lateral ventral tegmental area. Apart from the decreased activation of the left lateral prefrontal cortex, which was expected a priori, the other findings should be interpreted with caution because of the uncorrected statistical threshold. In addition, a whole-brain analysis with a more stringent statistical threshold revealed between-group differences outside these regions, especially in the caudate nuclei.
Given the functional neuroanatomy of autobiographical memory retrieval in healthy individuals, 13 ,14 the present results may reflect a global impairment of retrieval in patients with schizophrenia, encompassing strategic search (left lateral prefrontal cortex, anterior cingulate cortex, right cerebellum), self-referential processing (cortical midline structures), conscious recollection (medial temporal lobe, precuneus) and visual imagery (precuneus, occipital lobe). Apart from the left medial temporal lobe and the precuneus, between-group differences remained significant when adjusting for individual retrieval performances.
Decreased activation of the cognitive control network
One may argue that focusing on discrete brain regions rather than distributed networks is unlikely to capture the core processes that underlie our findings. First, the neural signature of autobiographical memory retrieval is not unique. 30 Second, schizophrenia is thought to be characterised by a lack of coordinated activation of segregated neural networks rather than by the aberrant activation of any given region. 31 Among healthy individuals, the neural basis of episodic memory retrieval are thought to involve three segregated yet interacting networks. 32 First, the so-called 'default-mode network' , including the precuneus and the medial temporal lobe, may underlie self-referential processing and conscious recollection. Second, a dorsal frontoparietal network, including the anterior cingulate cortex and the lateral prefrontal cortex, may underlie increased top-down cognitive control, such as that triggered by difficulty achieving retrieval goals. Third, a ventral frontoparietal network may underlie bottom-up salience processing, as a complementary system for guiding memory searches. Our results suggest that autobiographical memory retrieval in schizophrenia can be mainly characterised by decreased activation of a cognitive control network involving the left lateral prefrontal cortex, dorsal anterior cingulate cortex and right cerebellum, which is functionally and anatomically connected to the left lateral prefrontal cortex. 33, 34 Since our autobiographical memory task was based on generative retrieval (i.e. an effortful constructive process) rather than direct retrieval (i.e. an automatic process triggered by a specific cue provided during a pre-scan interview 1 ), we believe that our study specifically addressed the controlled aspects of autobiographical memory retrieval. Our results may thus highlight a lack of top-down cognitive control during retrieval, making patients with schizophrenia less able to perform goal-directed memory searches.
Aberrant activation of the dorsal striatum
Among healthy individuals, the dorsal striatum, including the caudate nuclei, plays a critical role in strategy shifting, through prediction error signalling (i.e. signalling a discrepancy between expected and actual outcome). In the context of memory search, prediction errors during free recall may indicate when to shift from automatic (bottom-up) to controlled (top-down) retrieval strategies. 35 In the present study, the strongest between-group differences were observed in the caudate nuclei, with greater activation in controls than in patients during autobiographical memory retrieval. Among healthy individuals, the activation of the caudate nucleus is greater during the retrieval of recent (v. remote) and positive (v. negative) memories. 36, 37 However, in the present study, encoding age, remoteness and valence did not differ between groups. Moreover, the activation of the left caudate nucleus during autobiographical memory retrieval was inversely correlated with autobiographical memory performances in patients and controls. Increased activation in controls was associated with lower retrieval performances, suggesting that a relative failure of retrieval may have triggered increased cognitive control. In contrast, increased activation in patients was associated with higher autobiographical memory retrieval performances, suggesting that it may represent a partially successful compensatory mechanism. This aberrant dorsal striatum activation may account for the decreased activation of the cognitive network during retrieval in schizophrenia. This hypothesis is consistent with the similar pattern of activation observed in the lateral ventral tegmental area, whose erratic dopaminergic outputs to the striatum may mediate aberrant prediction error in schizophrenia.
31,38
Limitations Several limitations should be acknowledged. First, our sample was fairly small and included only male patients who were selected according to their verbal abilities, thus limiting the generalisability of our results. In addition, all the patients were taking antipsychotic drugs, which may have influenced our results to some extent. However, although we found a weak negative correlation between the chlorpromazine equivalent dose and the activation of the left medial temporal lobe, we found no correlation within the cognitive control network. Second, our results may partially reflect processes shared with other cognitive functions that are impaired in schizophrenia, such as episodic memory retrieval 15, 16 or executive functions. 39 Third, we were not able to measure autobiographical memory performances during the scan or verify the veracity of the reported memories. Fourth, as we did not include psychiatric patients as controls, we cannot be sure that our findings are specific to schizophrenia. For instance, there is evidence that autobiographical memory retrieval is also impaired in major depression. 27 Fifth, our experimental design may have magnified the role of top-down attention, as it focused on generative retrieval. 1 Further studies are therefore needed to examine the role of bottom-up processes, as well as their interplay with top-down processes during autobiographical memory retrieval in patients with schizophrenia. Finally, our study lacked a measure of global functioning that could have been used to examine the functional correlates and clinical significance of our results.
Implications
Given the role of autobiographical memory in the pursuit of long-term goals and social cognition, 1 this autobiographical memory retrieval impairment may contribute to poor social outcomes associated with schizophrenia. 12 Future studies will need to confirm these preliminary results among unmedicated and female patients and translate these results into therapeutic interventions such as cognitive remediation. 
